The nanocrystallites ͑Ϸ3 nm͒ of LiNbO 3 , evolved in the ͑100− x͒LiBO 2 -xNb 2 O 5 ͑5 ഛ x ഛ 20, in molar ratio͒ glass system exhibited intense second-harmonic signals in transmission mode when exposed to infrared ͑IR͒ light at = 1064 nm. The second-harmonic waves were found to undergo optical diffraction which was attributed to the presence of self-organized submicrometer-sized LiNbO 3 crystallites that were grown within the glass matrix along the parallel damage fringes created by the IR laser radiation. Micro-Raman studies carried out on the laser-irradiated samples confirmed the self-organized crystallites to be LiNbO 3 .
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In most of the studies that were reported to date, either the constituent oxides or the prereacted LiNbO 3 was melted along with optically compatible host glass matrix and LiNbO 3 crystallites were grown within matrix. In this paper, we report an alternate and economically more viable route of obtaining nanocrystals of LiNbO 3 in LiBO 2 glass matrix as a result of the in situ chemical reaction. The results concerning the evolution of the nanocrystalline LiNbO 3 phase in the glass system ͑100− x͒LiBO 2 -xNb 2 O 5 ͑5 ഛ x ഛ 20, in molar ratio͒ and its structural, thermal and nonlinear optical properties are elucidated.
Transparent glasses of various compositions in the above system were fabricated via the conventional melt quenching technique. The platinum crucible containing the above mixture covered with a lid was placed in a melt-quenching programmable furnace ͑Lenton͒, the temperature was raised to 1373 K ͑the heating rate used was 5 K / min͒, and maintained at this temperature for 1 h. Subsequently, the melt was poured onto a preheated ͑400 K͒ stainless steel plate and quickly pressed by another plate to obtain 1 -1.5 mm thick glass plates. All these samples were heated at 573 K for 6 h ͑the heating and cooling rates were 50 K / h͒, well below the glass transition temperature to anneal out the thermal stresses that are likely to be associated with them.
The glassy state of the as-quenched samples was established by subjecting the powders ͑weighing Ϸ20 mg͒ to differential thermal analyses ͑DTA͒ ͑STA 1500, Polymer Laboratory͒ in the 300-1100 K temperature range. A uniform heating rate of 10 K / min was employed for this purpose.
The average values of the glass transition temperature ͑T g ͒ and the temperature of onset of crystallization ͑T cr ͒ were evaluated based on the DTA data collected on more than three samples of each composition. X-ray powder diffraction ͑XRD͒ ͑Scintag͒ studies were performed at room temperature on the as-quenched and heat-treated samples to confirm their amorphous and crystalline nature respectively. Transmission electron microscopy ͑TEM͒ and selected area electron diffraction ͑SAED͒ studies were conducted using a JEOL JEM 200CX microscope.
The optical transmission spectra of these samples were recorded at 300 K in the wavelength range 190-3000 nm, using a CARY 5000 varian UV-VIS-NIR spectrophotometer. The second harmonic ͑532 nm͒ intensity of the glasses comprising nanocrystallites was measured at 300 K using the Maker-Fringe method. The details of the SHG setup that was used for the measurement were reported elsewhere. 13 The source is a Q-switched Nd:YAG laser operating at 1064 nm wavelength. The Raman spectra were recorded at room temperature in the backscattering geometry using the labram confocal Raman microscope ͑Dilor͒ ͑typical resolution of 4 cm −1 ͒. The DTA traces that were obtained for the as-quenched glass pieces corresponding to the representative compositions x = 5, 10, 15, and 20 are shown in Figs. 1͑a͒-1͑d͒. A major exothermic event along with less intense ones are observed for all the as-quenched samples. The samples heattreated at the onset temperatures of the major exothermic peaks did not exhibit these peaks on subsequent DTA studies, confirming these to be crystallization temperatures. These exotherms indeed shift towards lower temperatures with ina͒ Author to whom correspondence should be addressed; electronic mail: kbrvarma@mrc.iisc.ernet.in crease in x. The x-ray powder diffraction ͑XRD͒ patterns of the as-quenched glasses corresponding to the composition ͑100− x͒LiBO 2 14 The lattice parameters ͑a = b = 5.149 and c = 13.846 Å͒ computed based on the present data are in close agreement with those ͑a = b = 5.1494 and c = 13.862 Å͒ reported in the literature for LiNbO 3 . XRD recorded for the composition x =20 ͓Fig. 1͑d͔͒, shows Bragg reflections at 2 = 30.15 in addition to the LiNbO 3 reflections which corresponds to the centrosymmetric LiNb 3 O 8 phase. 15 It is also observed that the intensity of the peaks corresponding to the LiNb 3 O 8 phase formation increases with increase in the Nb 2 O 5 composition ͑x ജ 20͒. For lower values of x ͑x =5͒, apart from the presence of the major LiNbO 3 phase, we did observe low intense peaks ͑2 = 21.75 and 25.39͒ ͓Fig. 1͑a͔͒ corresponding to either LiBO 2 or Li 2 B 4 O 7 phases. It implies that, apart from major LiNbO 3 phase, the matrix has crystalline LiBO 2 or Li 2 B 4 O 7 as a minor impurity phase.
Transmission electron microscopic along with the selected area electron diffraction studies carried out on the asquenched and heat-treated ͑773 K͒ samples of the representative composition x = 10 confirm its amorphous nature. The presence of local ordered regions ͑Х3 nm͒ were found to exist. The sample that was subjected to two-stage heating ͑733 K / 6 h and 773 K / 3 h͒ reveals the presence of spherical crystallites in the glass matrix. The average crystallite size was around 25 nm. The d-spacings obtained based on the selected area electron diffraction ͑SAED͒ pattern are 3.70, 2.70, 2.34, 2.21, 1.89, 1.76, 1.69, and 1.51 Å. These are in close agreement with those reported for the LiNbO 3 phase. The crystallite size in the samples directly heated to 773 K / 3 h ͑single stage͒ is found to be Х100 nm.
The optical transmission spectra recorded at room temperature for the as-quenched glass sample of the representative composition x = 10 in the wavelength range 190-3000 nm is shown as an inset in Fig. 3 . The sample has wide transmission window starting from near infrared to about 350 nm. The SHG ͑532 nm͒ intensity collected as a function of the incident angle for the representative composition x = 10 is shown in Fig. 2 . The intense second harmonic signal was found ͑pulse energy levels of 0.75 to 2.5 mJ͒ to undergo an optical diffraction. The intensity of which has a strong dependence on the angle of rotation of the sample. In order to have an insight into this phenomenon, subsequent to the SHG experiments, the samples were examined under polarizing microscope ͑Fig. 2͒. The surface of the sample interestingly revealed the presence of self-organized parallel damage patterns owing to the interaction of the laser field with the sample. Indeed similar grating-like damage patterns were reported in intrinsic and extrinsic semiconductors [16] [17] [18] [19] [20] [21] [22] , metals, [23] [24] [25] [26] and dielectrics 27 using cw or picosecond laser sources between 0.53 and 10.6 m. The occurrence of these patterns were interpreted in terms of properties of the laser beam, 16 frozen surface acoustic waves, 19 and plasmon condensation. 25, 28 In the present system it should be noted that, to begin with ͑i.e., before irradiating with the laser beam͒ the asquenched glasses of the all the compositions contained randomly distributed nanocrystallites. These nanocrystallites ͑Ϸ2 to 3 nm͒ act as light scattering centers. When the laser beam propagates with a component velocity along the surface, it interacts with the crystallites especially on the surface of the sample and gets scattered. The interference between the scattered and incident radiation that occurs along the axis of the scatterers lead to the formation of the interference fringes ͑i.e., reflected as the striking diffraction patterns ͑Fig. 2͒ observed only at certain angles which correspond to the axis of these scatterers, when the sample is tilted as a function of the incident angle͒. Hence, the damage fringes which are produced parallel to the scatterers in the present study has been attributed to the interference of the incident beam with the surface-scattered waves originating from the scattering centers. 29 The parallel damage fringes are separated by a distance ͑d͒ equals to /1+sin , where is the wavelength of the incident light and is the angle of incidence measured from the surface normal. The interfringe spacings that are found experimentally from polarizing micrograph ͑Fig. 2͒ are in good agreement with those predicted by the above formula. Closer examination of the surface revealed that these fringes are actually consisting of a row of equally spaced fine crystallites of submicrometer ͑0.4 to 0.8 m͒ size. The increase in crystallite size from nano to micrometer level in the irradiated samples is ascribed to the localized heating effects created by the intense input laser radiation. The rise in temperature is estimated to be about 740 K at a distance of about 25 m from the surface of the sample by using the formula 30 
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where E is the laser fluence, C the volume specific heat, R is the reflection coefficient, and ␣ the absorption coefficient. The strong electric field vector ͑estimated to be 10 12 V/cm͒ that is associated with the incident laser beam assisted by rise in temperature would result in aligning the crystallites. The formation of self-organized patterns along the parallel damage fringes would diffract light as the crystallite sizes are of same order as that of the wavelength of the SHG light. In order to ascertain the composition of the row of crystallites, micro-Raman spectra were recorded on these lines in the 150-1500 cm −1 range ͑Fig. 3͒. The peaks at 650 and 850 cm −1 which are close to those reported for LiNbO 3 31 correspond to a vibrational mode of Nb-O in NbO 6 octahedra.
In conclusion, evolution of LiNbO 3 has been demonstrated in a reactive glass system LiBO 2 -Nb 2 O 5 . Selforganized crystalline structure formation has been encoded in the present system by infrared ͑IR͒ pulsed laser beam in the process of studying its nonlinear optical properties. The diffraction of second harmonic signal is attributed to the presence of well-aligned submicrometer sized LiNbO 3 crystallites.
